Introduction {#sec1}
============

DNA biosensors have gained in importance over the last few decades.^[@ref1]^ Their applicability ranges from biotechnology and biomedical applications^[@ref2],[@ref3]^ to food safety and forensics.^[@ref4]−[@ref6]^ Owing to their selectivity and sensitivity, DNA biosensors have become the gold standard for the diagnosis and monitoring of several types of gene-related diseases, such as cystic fibrosis^[@ref7]^ and cancer.^[@ref8]^

Among all types of DNA biosensors, surface-based ones have several advantages, such as high sensitivity and reduced interference.^[@ref9],[@ref10]^ The integration of a biorecognition element at the transducing substrate is the most critical step in the creation of a high-performance sensor surface, while at the same time preventing nonspecific adsorption.^[@ref1]^ Controlling the chemical and physical nature of the interface determines the performance of the whole biosensing device.^[@ref11]^

Several strategies for probe immobilization on the sensor surface have been used depending on the substrate composition (mostly Au, SiO~2~, or metal oxides): adsorption of DNA probes on positively charged surfaces,^[@ref12],[@ref13]^ attachment of thiolated DNA probes as self-assembled monolayers (SAMs) on gold substrates^[@ref14]^ or modified probes on chemically functionalized surfaces,^[@ref15],[@ref16]^ silanization on SiO~2~,^[@ref17]^ adsorption by noncovalent interactions (e.g., biotin--streptavidin),^[@ref18]^ and layer-by-layer (LbL) polyelectrolyte assembly.^[@ref19]^ Although many procedures have been standardized, these approaches can present problems, such as reduced stability or affinity during hybridization, long functionalization times, and solvent incompatibility.

Control over the probe density is an important challenge for optimal performance of a biosensing device.^[@ref20],[@ref21]^ The probe density (Γ) is a crucial parameter in biosensing because it affects the probe's orientation and the uniformity of the sensing layer. Moreover, the probe density not only provides possible binding sites for the analyte, but also affects the accessibility of the analyte toward the probe surface by the occurrence of steric and electrostatic effects. In particular, in DNA sensing, the density of probes, which usually consist of complementary single strand DNA (ssDNA), is affected by electrostatic repulsion leading to decreased hybridization efficiency at increased probe densities.^[@ref20],[@ref22],[@ref23]^

The type of immobilization technique (for example, by SAM formation of thiolated probes on gold or by silanization) affects the density and distribution of the probes on a sensing surface. In the case of direct probe adsorption on both unfunctionalized and pretreated surfaces, the following two are the most used approaches to vary the probe density. First, by increasing the deposition time (while keeping the concentration constant), Herne et al. were able to vary the probe density by over an order of magnitude by using HS-ssDNA on gold,^[@ref24]^ and the same order of magnitude was calculated for the probes on an impedance-based silicon transducer by Macanovic and co-workers.^[@ref25]^ Second, by increasing the concentration of the probe solution for a fixed amount of time, Ricci et al. varied Γ in their E-DNA sensor between 10^10^ and 10^12^ molecules/cm^2^.^[@ref26]^ A conceptually different strategy is to employ variation of the molar ratio of two components in the depositing solution: Kjallman and co-workers varied the amounts of thiolated poly(ethylene glycol) (PEG) and thiol-modified hairpin probes during the self-assembly process on a gold surface.^[@ref27]^ Yao et al. chose a 1:9 ratio for a biotinylated and an OH-terminated thiol in a mixed self-assembled monolayer, again on a gold substrate.^[@ref28]^ Peterson and co-workers varied the ionic strength and applied an electric field to assist the immobilization of negatively charged ssDNA-SH, thus obtaining a high surface density.^[@ref23]^

All the methods presented above aim to control the probe density at the surface modification step, requiring characterization of the probe density and the hybridization efficiency after sample preparation using difficult surface-analytical techniques. A method is therefore desired that allows control over Γ in a *preceding* synthetic step, upon which analysis is conveniently achieved using solution-analytical techniques and which is followed by a straightforward surface immobilization step of a single compound that provides a reproducible density upon adsorption.

The chemi/physisorption of modified polyelectrolytes provides advantages for the immobilization of biomolecules and for biosensing applications.^[@ref29]^ At physiological pH, poly([l]{.smallcaps}-lysine) (PLL) polymers readily and strongly adsorb onto a variety of metal oxide surfaces through multivalent electrostatic interactions between the positively charged lysine side-chains and a negatively charged surface.^[@ref30],[@ref31]^ Consequently, modified PLL polymers easily allow the accommodation of the grafted functional groups over the substrate, maintaining their adsorption properties. This approach has been used, for example, in bestowing antifouling properties on surfaces. Owing to the simple functionalization and easy characterization in solution, PLL-*g*-PEG polymers were made with different grafting densities to study the influence of interfacial architecture on the resistance to protein adsorption.^[@ref30],[@ref32],[@ref33]^ VandeVondele and Hubbel varied the grafting density of RGD peptide to form PLL-*g*-PEG-RGD polymers that promote cell adhesion, blocking the nonspecific protein interactions at the same time,^[@ref34]^ while Huang et al. formed a bioaffinity sensor to detect rabbit immunoglobulin (RIgG) changing the graft ratio of biotin in PLL-*g*-PEG-biotin polymers.^[@ref35]^ The long PEG type (MW~PEG~ \> 2000 Da) used in the previous examples can affect the final output of the detector by positioning the receptors away from the interface and the polydispersity of the PEG chain can prevent the uniform formation of the biorecognition layer. Therefore, Duan et al. grafted short oligo(ethylene glycol) (OEG~4~)^[@ref36]^ in combination with OEG~4~-biotin to PLL backbones on silicon nano-BioFETs, forming a biosensing surface with uniform layers, maintaining the strong surface stability and antifouling properties.^[@ref37]^

Here we show the formation of DNA biorecognition surfaces prepared by the deposition of modified poly([l]{.smallcaps}-lysine) polymers with various ratios of OEG and maleimide (Mal) moieties (PLL-OEG-Mal) on surfaces, so that the probe density control is achieved during a preceding and simple synthetic step, where the degree of functionalization is readily analyzed and quantified by ^1^H NMR. Afterward, by means of a predictable and straightforward, single-step surface assembly process over gold and silicon oxide, the PLL-OEG-Mal polymers are adsorbed on the sensing surface and coupled subsequently with thiol-modified peptide nucleic acid (PNA) probes, able to detect KRAS sequences of DNA (involved in the early formation of several types of cancer).^[@ref38],[@ref39]^ We used PNA sequences as probes to achieve a better affinity for cDNA sequences, compared to DNA probes.^[@ref40]^ It has been shown that PNA can distinguish single point mutations in nucleotide sequences,^[@ref41]^ a property that was used in PCR protocols for detection of cancer-related mutations,^[@ref42]^ and their properties can be used for increasing the sensitivity and the selectivity of the biosensing devices.^[@ref43]^ The detection of cDNA is evaluated as a function of the degree of Mal grafted to the different PLL-OEG-Mal polymers by quartz crystal microbalance with dissipation (QCM-D), in order to establish the relationship between the probe density and the PLL grafting density with Mal groups. Cyclic voltammetry (CV) experiments have been used to support these findings and to provide absolute density values.

Results and Discussion {#sec2}
======================

Probe Density Control by Grafting Density of Maleimide Groups at PLL {#sec2.1}
--------------------------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows the concept of the control over probe density during the preceding synthesis phase of modified PLL, after which the PLL with the desired degree of functionalization is placed on the sensor surface in one step. Increasing amounts of maleimide (Mal) reactive moieties in the synthetic step result in a higher content of Mal grafted to the PLL backbone and to a concomitantly higher density at the substrate upon immobilization of the modified PLL. The density of PNA probes that is displayed on the surface is set during the thiol--ene reaction, as has been demonstrated in earlier studies on other maleimide-functionalized recognition surfaces carrying antifouling PEG moieties.^[@ref44],[@ref45]^ Consequently, the cDNA hybridization step can, in the envisaged application, be carried out without previous quantification of the total probe density. Aim of this work was to observe the relationship between the Mal grafting density on the PLL and the response of the sensing layer to cDNA after its modification with PNA, and thus to establish the relationship between polymer grafting density and surface probe density.

![(a) Scheme showing the control of the probe density, during the synthesis of PLL-OEG-Mal polymers, which provides the targeted probe density and cDNA binding at the substrate upon immobilization of the modified PLL. *x* and *y* indicate the percentages of oligo(ethylene glycol) and maleimide grafted to the PLL side chains, respectively. (b) Synthesis of PLL-OEG-Mal. PLL is reacted with desired relative ratios of Mal-OEG~4~-NHS (*y* = 0--9.1%) and methyl-OEG~4~-NHS ester (*x* = 15.9--29.1%) to give the final modified PLL with the desired degrees of functionalization.](bc-2018-00733v_0001){#fig1}

In order to investigate the surface density control, PLL polymers with various fractions of oligomeric ethylene glycol and maleimide moieties were synthesized ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Specifically, the structure of the functionalized polymers in this work was based on PLL (MW 15--30 kDa) functionalized with side groups with an OEG spacer with four units. The end of the spacer was either a methoxy group (OEG) or a maleimide group (Mal) to have mono or bifunctionalized polymers (PLL-OEG or PLL-OEG-Mal). The name PLL-OEG(*x*) is used here to refer to PLL-*g*-OEG~4~(*x*%) polymers where *x* corresponds to the experimentally assessed mole fraction of OEG per lysine monomer unit grafted to the PLL backbone. In the case of maleimide derivatives, PLL-OEG(*x*)-Mal(*y*) stands for PLL-*g*-OEG~4~(*x*%)-*g*-OEG~4~-Mal(*y*%) where *y* is the percentage of maleimide grafted to the PLL, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b.

Following a reported procedure,^[@ref37]^ OEG and Mal groups were covalently grafted to the PLL backbone in a one-step, one-pot synthesis by NHS ester coupling, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, using a mixture of NHS-OEG~4~ and NHS-OEG~4~-Mal. The grafted OEG/Mal ratio attached to PLL was calculated taking the proper ^1^H NMR integrals, after normalization by the peak at 4.29 ppm (1H, lysine backbone, NH--CH--C(O)−) (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). The fraction of maleimide was varied between 0% and 9%, while the OEG fraction was kept at 15--30% (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). This degree of OEG was found to be sufficient to prevent nonspecific interactions from both uncharged molecules as PNA and between positively charged PLL and negatively charged DNA, as will be explained below. As suggested previously by Duan and co-workers, the total functionalization of PLL polymer was intentionally kept below 35--40% to have a sufficiently strong surface adhesion as well as enough OEG moieties to avoid nonspecific interactions.^[@ref37],[@ref46]^

The results presented in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf) indicate a small discrepancy between the maximum theoretical amounts, based on full conversion of the supplied NHS esters of OEG and Mal, and the measured grafting densities observed for both the OEG and Mal groups. Typically about 80--90% of the Mal-NHS derivative was coupled successfully to the PLL. The small discrepancy is probably due to the limited stability of the NHS ester in PBS at pH 7.0 leading to competing hydrolysis.^[@ref47]^

PLL-Based DNA Sensing Layer Formation {#sec2.2}
-------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows a QCM-D time trace of the full process of PLL adsorption, PNA probe binding and cDNA binding (frequency shifts Δ*f*, in blue) as conceptually outlined in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The gold QCM substrate was activated by oxygen plasma, mounted in the QCM chamber, and flushed with 0.3 mg/mL PLL-OEG-Mal solutions in PBS buffer at pH 7.2. The initial decrease in Δ*f* reflects the self-assembly of the PLL onto the substrate, which was homogeneously distributed with a thickness of 0.52 nm (±0.14 nm) as confirmed by ellipsometry. The chip was then washed with PBS followed by injection of a 1 μM solution of PNA-thiol (KRAS-WT, protected sequence SPDP-dPEG~4~-CTA CGC CAC CAG CT-Gly-NH~2~, 14 nt, synthesized according to a reported procedure,^[@ref39]^ deprotected from the 3-(2-pyridyldithio)propionyl (SPDP) protecting group using TCEP gel directly before use) in the same buffer, which provided the final sensing layer, as confirmed by the decrease in frequency. The same response was obtained in the last step, where a 1 μM solution of cDNA fully complementary to the PNA KRAS-WT (also with 14 nt) in PBS buffer (pH 7.2) was used. The same conditions were used for all the surface density experiments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)), varying the type of modified PLL and consequently the density of maleimide groups presented on the biorecognition layer.

![(a) Typical QCM-D measurement of the full process of PLL-OEG(30.3)-Mal(1.8) adsorption, PNA coupling and cDNA binding on a gold substrate. Both the main frequency (Δ*f*, blue) and the dissipation (Δ*D*, red) are displayed. Example of five normalized Δ*f* for the (b) PNA-thiol probe and (c) cDNA absorption steps using different PLL polymers with increasing maleimide densities (Mal = 0.0--9.1%). The dashed lines refer to the positions used to calculate the Δ*f* of the corresponding step. In all the multistep adsorption experiments the concentrations were 0.3 mg/mL for the modified PLL solutions, and 1 μM for both the PNA-thiol and cDNA solutions. PBS washing steps at pH 7.2 (gray bars) were placed between adsorption steps. The fifth overtone was used for both the frequency and the dissipation.](bc-2018-00733v_0002){#fig2}

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, an example of five normalized QCM experiments of the PNA probe binding step onto gold substrates is presented, where several PLLs with different maleimide fractions (Mal = 0.0--9.1%, OEG = 15.9--24.8%) were used. Apparently, the change in frequency of the PNA coupling step is proportional to the fraction of maleimide in the PLL that was preadsorbed at the substrate. A similar trend was observed for the following cDNA binding step ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), where a maximum Δ*f* of 5.4 Hz was obtained for the substrate functionalized with the PLL with the higher Mal molfraction (green), while no frequency shift was observed for the PLL without Mal (black).

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)), several aspects can be noted. First of all, all steps associated with PLL, PNA, and cDNA attachment were generally clearly visible. Moreover, larger degrees of Mal functionalization of the PLL lead, qualitatively, to larger amounts of both coupled PNA and adsorbed cDNA as indicated by the increasing frequency shifts. The selectivity of the biorecognition layer was tested by flushing 1 μM of fully noncomplementary DNA (ncDNA) over a substrate functionalized with modified PLL and PNA-thiol ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). No frequency shift was observed for the ncDNA. Moreover, the biorecognition layer was still active after the passage of ncDNA as shown by the Δ*f* when 1 μM cDNA solution was subsequently flushed over the substrate. In addition, [Figure S2a and S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf) show that, for samples with only OEG functionalization, the insertion of PNA-thiol through the modified PLL monolayer is blocked, preventing cDNA binding. [Figure S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf) shows a control experiment on a substrate with only PLL, so in the absence of PNA-thiol, performed to evaluate the influence of DNA interaction with a PLL-coated substrate. The absence of a frequency shift in [Figures S3c](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf) confirms that the cDNA adsorbs only when complementary PNA is present, and the antifouling behavior is maintained regardless the presence of PNA as well as maleimide moieties ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)).

The selectivity of the modified PLL polymers was further tested flushing 35 mg/mL (common concentration of human serum albumin, HSA, in blood)^[@ref48]^ of bovine serum albumin (BSA) solution in PBS (pH 7.4) over a substrate coated with PLL-OEG(29.1)-Mal(5.5). A swift frequency change of ∼30 Hz was observed, accompanied by a large dissipation change ([Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). Yet, the baseline recovered almost completely (\<1 Hz) upon flushing with PBS and in an equally fast manner. Therefore, we attribute the observed frequency change to a change of the solution viscosity, and conclude that no physisorption of BSA occurred. Likewise, the selectivity was tested for a PNA-modified chip ([Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)), where the gold substrate was functionalized by PLL-OEG(19.4)-Mal(9.1) and PNA-thiol, followed by flow of BSA solution (35 mg/mL) at PBS 7.2. Subsequently, solutions of 1 μM of ncDNA and cDNA, in the presence of the same BSA concentration, were flushed over the PNA-modified chip. A frequency shift (of 5.5 Hz) was visible ([Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)) only for the cDNA, which confirms the intrinsic DNA binding selectivity of the PNA interface.

Other QCM-D experiments were done using SiO~2~ chips (instead of Au) to demonstrate the versatility of the system with different substrate materials, and different DNA lengths were also used ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). After the self-assembly of the modified PLL and the anchoring of PNA-thiol probes, 1 μM of longer ncDNA and cDNA were flushed over the QCM substrate. Even with the longer ncDNA (44 nt), which has possibly stronger electrostatic interactions, no frequency shift was recorded. In contrast, as in the case of the Au substrates, the Δ*f* was increasing linearly for cDNA (43 nt) with respect to the density of maleimide groups grafted to the PLL backbone. Notably, the frequency shifts of the cDNA steps shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf) were roughly three time higher than the ones observed for the QCM experiments on the Au substrates, when the same modified PLL was used. This difference is caused by the longer cDNA (from 43 nt compared to 14 nt).

Assessment of Surface Probe Density {#sec2.3}
-----------------------------------

Relationships between the degree of functionalization and the adsorbed masses of PLL-OEG-Mal, thiol-PNA, and cDNA were quantified gravimetrically by means of QCM-D. In order to establish the response between adsorbed mass from QCM and the degree of PLL polymer functionalization, the frequency shifts, Δ*f*, of adsorption steps for PLL, PNA, and cDNA were plotted either versus the total degree of functionalization (OEG+Mal) or the Mal content, both previously quantified by ^1^H NMR. In detail, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the graph obtained plotting Δ*f* of the PLL-OEG-Mal steps versus the total degree of functionalization for each modified PLL polymer used. The linear relationship, with an intercept close to the origin, indicates that the frequency shift has a strong correlation with the grafting density of functionalized side chains, but the main PLL chain has little contribution. This effect is probably primarily governed by the different degrees of hydration of the polymer segments, mostly due to the content of ethylene glycol groups in the side chains, which are typically well hydrated.

![(a) QCM-D frequency shift (fifth overtone) of the PLL-OEG-Mal deposition step versus the total degree of functionalization of the modified PLL, quantified by ^1^H NMR. (b) QCM-D frequency shift of the cDNA binding step versus the fraction of Mal grafted to the PLL polymer, quantified by ^1^H NMR. All experiments were performed using 0.3 mg/mL of modified PLL, 1 μM PNA thiol solution (activated by TCEP), and 1 μM cDNA solution in PBS at pH 7.2. PLL-OEG-Mal polymers with different degrees of functionalization were used (Mal = 0.0--9.1%, OEG 15.9--29.1%). Data points represent individual measurements.](bc-2018-00733v_0003){#fig3}

Subsequently, to prove the variation of Mal coverage at the interface, the PNA ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)) and cDNA frequency shifts ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) were plotted versus the amount of maleimide grafted to the modified PLL self-assembled on the gold substrates. Although the frequency shifts of both the PNA and cDNA steps show a linear dependence on the Mal fraction, the lower values for the PNA step gave a somewhat poorer correlation, so that we decided to use the cDNA dependence primarily. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, the Δ*f* for the cDNA step, which is related to the adsorbed mass of the cDNA, increases linearly with the fraction of Mal groups and passes through the origin, regardless the content of OEG. At low Mal coverage, the efficiency of PNA/DNA hybridization is assumed to be 100%. The PNA/DNA hybridization efficiency is higher than that of DNA/DNA duplex formation because of a higher affinity and the absence of repulsion between the probe molecules.^[@ref40],[@ref49],[@ref50]^ Consequently, due to the linear relationship, we estimated that this efficiency is maintained at higher Mal densities. This trend confirms the possibility to fine-tune the relative probe density at the surface by controlling the fraction of maleimide groups in the preadsorbed PLL. Therefore, using the linear response shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b as a calibration curve allows us to predict the detected amount of cDNA by assessing the Mal fraction by NMR in the PLL synthesis step. In addition, the linearity of the fit, as well as the use of new substrates for each experiment, confirms indirectly the reproducibility of the method and the surface modification.

All in all, these data confirm that the probe density at biosensor surfaces (here of PNA)---and consequently the amount of cDNA detected---can be controlled by simply varying the fraction of grafted Mal during the synthetic step. However, despite the possibility of relative predictions of the cDNA amount over the modified PLL substrate, the absolute density of analyte (here cDNA), and thus of the PNA probe, adsorbed over QCM substrates cannot be accurately calculated, especially because of the high associated water content, which influences the observed frequency shifts and usually leads to an overestimation of the mass of the adsorbed target.^[@ref51],[@ref52]^

In order to confirm the predictability of the surface density control and to assess the absolute density of DNA detected, cDNA modified with the redox probe Methylene Blue (cDNA-MB, 5′-MB-AG CTG GTG GCG TAG-3′) was used in cyclic voltammetry (CV) experiments. The electroactive cDNA-MB is used to correlate the peak current generated by the MB group to the density of hybridized cDNA at the detection layer. As a proof of concept, four modified PLLs were used: PLL-OEG(24.9), PLL-OEG(28.1)-Mal(3.1), PLL-OEG(29.1)-Mal(5.5), and PLL-OEG(19.4)-Mal(9.1). Gold chips, preincubated with PLL and PNA-thiol, were covered by a 1 μM cDNA-MB solution in PBS for 1 h, and 0.1 M NaClO~4~ was used as electrolyte. The linear dependence of *i*~p~ versus the scan rate in the CV experiments ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)) proved that the redox process occurred at the interface ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)).

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the trend of the calculated surface charge density, translated into molecular surface density, obtained from the CV data as a function of the Mal grafting density. Using differently modified PLLs, four maleimide densities were used. The data shows DNA densities of (0--11) × 10^12^ molecules of cDNA-MB---corresponding to equal numbers of PNA probes---per cm^2^, in agreement with the range of probe density values presented in the literature with other types of systems.^[@ref24],[@ref25]^ These data confirm the quantitative assessment of probe densities displayed at the surface by varying the modified PLL. Importantly, the linear relationship, with a slope of (1.24 ± 0.02) × 10^12^ probes per cm^2^ per % of grafted Mal, provides a practical, empirical, but at the same time quantitative, prediction of the probe density that is obtained for a specific degree of Mal functionalization in the first, synthetic step.

![Surface density of cDNA-MB detected from CV experiments using PLL-OEG(24.9) PLL-OEG(28.1)-Mal(3.1), PLL-OEG(29.1)-Mal(5.5), and PLL-OEG(19.4)-Mal(9.1) polymers. Calculations were done by means of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} ([Experimental Section](#sec4){ref-type="other"}). All gold substrates were prepared using 0.3 mg/mL of modified PLL, 1 μM PNA thiol solution (activated by TCEP), and 1 μM MB-modified cDNA solution in PBS at pH 7.2. Fresh solutions of 0.1 M NaClO~4~ were used as electrolyte. Data points and given single standard deviations are based on 3--4 measurements each.](bc-2018-00733v_0004){#fig4}

Conclusions {#sec3}
===========

Summarizing, we have demonstrated control over the probe density at model biosensor surfaces, by the application of poly([l]{.smallcaps}-lysine) polymers with various ratios of OEG and Mal moieties (quantified by ^1^H NMR) and the conjugation of thiol-functionalized PNA probes to the Mal groups. The QCM-D technique was used to monitor the self-assembly of different PLL-OEG-Mal polymers over negatively charged substrates and the thiol-PNA binding step, forming the biorecognition substrate. The selectivity was tested using both short and long cDNA/ncDNA sequences, as well as BSA solutions, showing that adsorption occurred only for cDNA and that the OEG content grafted to the PLL backbone prevents physisorption. The frequency shifts of the adsorption steps recorded for different PLL-OEG-Mal were plotted against the total density of grafted groups (OEG+Mal) to establish a (relative) linear relationship between the frequency shift from QCM and the degree of Mal functionalization. Quantification using CV allowed to derive absolute values for the surface densities. The PLL-OEG-Mal surface modification presented here led to displayed probe densities in the range of (0--11) × 10^12^ molecules/cm^2^, which is in agreement with the surface density values reported in the literature.^[@ref23],[@ref25]^ All in all, these results underline the concept density control at the preceding synthetic step: with this relationship a desired probe density can now be translated into a target Mal density, which is engineered at the very first synthetic step of the PLL functionalization.

The strategy to equip surfaces with suitably modified PLL is a promising approach because the material surface properties can be tailored by customizing first the PLL with desired functional groups, potentially with reactive, imaging, binding, and/or release properties, thus offering broad applicability in, among others, biosensing and responsive materials. Moreover, the direct solution coating from aqueous media presents a simple and reliable approach to form biorecognition surfaces or, for example, to anchor biomolecules (e.g., protein, enzymes) selectively at a substrate for biomedical applications. Owing to the electrostatic interactions, modified PLL polymers can be applied as passivation/functionalization layer at virtually any surface such as metals, metal oxides, or polymers. This aspect underlines the versatility of the methodology and may assist in the development of applications in lab-on-a-chip, disposable ready-to-use biomedical sensors, wearable devices, or water treatment.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Poly([l]{.smallcaps}-lysine) hydrobromide (MW = 15--30 kDa by viscosity), EDC, NHS, and PBS powder (BioPerformance Certified pH 7.4), NaCl, NaClO~4~, were purchased from Sigma-Aldrich. Methyl-OEG~4~-NHS ester and Mal-OEG~4~-NHS ester, the Zeba spin desalting columns (7 kDa MWCO, 5 mL) and the Immobilized TCEP disulfide reducing gel (Tris\[2-carboxyethyl\] phospine hydrochloride immobilized onto 4% cross-linked beaded agarose) were purchased from ThermoFischer Scientific. cDNA (complementary to KRAS WT: 14 nt, 5′-AGCTGGTGGCGTAG-3′; 43 nt, 5′-ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3′) and ncDNA (short 14 nt, 5′-CTACGCCACCAGCT-3′; long 44 nt, 5′-TTGCCCTTCCTTCCCTCCTTCGTCCCCTCCTCACACCCCACCCC-3′) sequences were purchased from Eurofins Genomic. Methylene Blue (MB)-functionalized DNA (cDNA-MB 15 nt, 5′-MB-TAGCTGGTGGCGTAG-3′) was obtained from Biosearch Technologies, USA. Chips for cyclic voltammetry (200 nm gold on glass) were obtained from Ssens bv (The Netherlands), while Au and SiO~2~ QCM chips (with fundamental frequency of 5 MHz) were purchased from Biolin Scientific.

PNA Deprotection {#sec4.2}
----------------

PNA bearing a disulfide-protected thiol moiety was used in order to avoid dimerization and side-reactions during storage. A glycine residue was used as spacer during synthesis at the C-terminus to facilitate loading of the PNA on the resin, considering that the resulting glycinamide (GlyNH~2~) residue has no substantial effect on DNA binding. Directly before use in the coupling reactions to Mal, PNA KRAS-WT (SPDP-dPEG~4~-CTA CGC CAC CAG CT-Gly-NH~2~, synthesized according to a previously published procedure,^[@ref39]^ see also [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf), protecting group SPDP = 3-(2-pyridyldithio)propionyl) was deprotected following the procedure of TCEP disulfide reducing gel (ThermoFischer Scientific). 50 μL of TCEP gel slurry were added in a vial and washed with PBS 7.2, centrifuging the vial at 1000*g* for 1 min. Then, an equal amount of PNA disulfide solution (50 μL) was added to the equilibrated gel solution and gently stirred for at least 1 h. After the incubation, the vial was centrifuged again for 1 min and the supernatant containing the PNA-thiol was recovered and used directly after dilution to the appropriate working concentration.

PLL-OEG-Mal Synthesis {#sec4.3}
---------------------

All the PLL-OEG-Mal polymers with different degrees of functionalization of OEG and Mal were synthesized adapting the procedure of Duan et al.^[@ref37]^ PLL HBr was dissolved in PBS buffer (pH 7.0) at a concentration of 10 mg/mL. The desired stoichiometric ratios (vs lysine monomer) of methyl-OEG~4~-NHS ester and Mal-OEG~4~-NHS ester were added simultaneously to the mixture, under vigorous stirring (argon atmosphere), and reacted for 4 h at room temperature. Thereafter, the crude mixture was dialyzed by Zeba spin desalting columns (7 kDa MWCO, 5 mL, ThermoFischer Scientific). The filtered solution was immediately freeze-dried overnight. Final compounds were stored at −20 °C as powder or stock solutions of 1 mg/mL in PBS 7.2.

1H NMR (400 MHz D~2~O, pH 6.5) δ \[ppm\] = 1.26--1.55 ((lysine γ-CH~2~), 1.63--1.83 (lysine β,δ-CH~2~), 2.50 (ethylene glycol CH~2~ from both OEG and Mal coupled, −CH~2~--C(=O)--NH), 3.00 (free lysine, H~2~N--CH~2~), 3.16 (ethylene glycol CH~2~ of coupled lysine from both OEG and Mal, C(=O)--NH--CH~2~−), 3.31 (OEG methoxy, −O--CH~3~), 3.65 (oligo ethylene glycol from both OEG and Mal, CH~2~--O−), 4.29 (lysine backbone, NH--CH--C(O)−), 6.86 (maleimide from coupled Mal −C(=O)--CH--CH--C(=O)−).

Quartz Crystal Microbalance (QCM) {#sec4.4}
---------------------------------

Silica-coated (50 nm, QSX303) and gold-coated (50 nm, QSX301) QCM-D sensors from LOT-Quantum were washed with water and EtOH, sonicated in EtOH for 5 min, dried in a stream of nitrogen and finally oxidized in oxygen plasma (Plasma Prep II, SPI Supplies; 200--230 mTorr, 40 mA) for 5 or 1 min, respectively. QCM-D measurements were performed using a Q-Sense E4 4-channel quartz crystal microbalance with a peristaltic pump (Biolin Scientific). All experiments were performed in PBS buffer (10 mM, pH 7.2) with a flow rate of 80 μL/min at 22 °C.

The Sauerbrey eq ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"})^[@ref53]^ establishes the relationship between the measured frequency change (*Δf*) and the adsorbed mass per unit area (*Δm*)^[@ref53]^where *Δf* is the frequency shift, *Δm* is the mass change, and *C* is the Sauerbrey constant (17.7 Hz/ng at *f* = 5 MHz).^[@ref54]^ Frequency shifts of the *n* th harmonic *Δf^(n)^* are normalized to yield *Δf* = *Δf^(n)^/n* where *n* is the number of the overtone (*n* = 1, 3, 5, etc.).^[@ref55]^

The frequency shift for each step was calculated by subtracting the plateau value of the frequency prior to the injection of the molecule (modified PLL, PNA probe, cDNA) to the plateau value after the following PBS washing step. Although [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} generally overestimates the adsorbed mass for viscoelastic layers measured in liquid environment,^[@ref56]^ the Sauerbrey equation is still applicable when the dissipation change is below 2.0 × 10^--6^, because the film can then be assumed to be rigid.^[@ref57]^ This limit was respected in all the experiments shown here.

Cyclic Voltammetry {#sec4.5}
------------------

Gold substrates were rinsed with Milli-Q water and ethanol and sonicated for 5 min in a mixture 1:1 of the same solvents. They were then dried and activated by oxygen plasma (Plasma Prep II, SPI Supplies; 200--230 mTorr, 40 mA, 5 min) and immersed in 0.3 mg/mL of the respective PLL-OEG-Mal solution for 1 h in PBS buffer (pH 7.0--7.2). Upon rinsing with Milli-Q water and drying, chips were immersed in 1 μM PNA-thiol (KRAS-WT) solution in PBS, pH 7.2 for 1 h. Afterward, substrates were again rinsed with Milli-Q water and dried, and were covered by a 1 μM cDNA-MB solution (5′-MB-AG CTG GTG GCG TAG-3′) in PBS at pH 7.2 for 1 h.

Electrochemical measurements were performed using PLL-modified Au substrates in a three-electrode setup (custom-built glass electrochemical cell) with a platinum disk as counter electrode, a red rod reference electrode (Ag/AgCl, saturated KCl solution, Radiometer Analytical), and the functionalized gold substrates as working electrode (area = 0.44 cm^2^) vs normal hydrogen electrode (NHE). Data analysis was done using CHI760D software (CH Instruments, Inc. Austin, USA) using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} to quantify the surface coverage Γ:where *i*~p~ is the measured peak current (A), *F* is the Faraday constant (96 485.34 C/mol), *n* is the number of electrons involved in the redox process (*n* = 2 for methylene blue), *R* is the gas constant (8.3145 J/(K·mol)), *T* the absolute temperature (K), *v* the scan rate (V/s), *A* the area of the working electrode (here 0.44 cm^2^), and Γ is the surface coverage (mol/cm^2^). CV experiments were recorded at several scan rates between 25 and 500 mV/s and the respective current peaks *i*~p~ were determined by Gaussian fitting (using the linear baseline correction) in the CHI760D software (detailed description in [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf), electrochemical analysis with [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf)). Afterward, *i*~p~ was plotted against the scan rate and a linear regression was performed to calculate Γ (forced to pass to the origin). Results are expressed in molecules/cm^2^, which means that Γ has been multiplied by Avogadro's number (*N*~A~). All measurements were carried out using aqueous 0.1 M NaClO~4~ as the electrolyte, upon degassing the electrolyte solution for 5 min.

Ellipsometry {#sec4.6}
------------

Silicon oxide substrates were activated in oxygen plasma for 1 min and functionalized by dipping them in a PLL-OEG(23.0)-Mal(4.1) solution (0.3 mg/mL in PBS 7.2) for 30 min. After rinsing with Milli-Q water, the layer thickness was measured by ellipsometry (Woollam M-2000UI) in the range of 245--1690 nm, with a spatial resolution of 1.6 nm (245--100 nm) and 3.2 (1000--1690 nm) and the beam diameter of 300 μm. The ellipsometry data (values given are averages over 25 spots on the surface) were obtained at an incident angle of 75° and fitted with a Cauchy layer with a refractive index of 1.46.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.bioconjchem.8b00733](http://pubs.acs.org/doi/abs/10.1021/acs.bioconjchem.8b00733).^1^H NMR spectra of PLL-OEG-Mal and PLL-OEG; QCM experiments of biointerface formation and selectivity tests; CV data and data treatment; chemical structure of PNA linker ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00733/suppl_file/bc8b00733_si_001.pdf))
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